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We examine experimental constraints on scharm-stop fla- 
vor mixing in the minimal supersymmetric standard model, 
which arise from the experimental bounds on squark and 
Higgs boson masses, the precision measurements of W-boson 
mass and the effective weak mixing angle, as well as the ex- 
perimental data on B s — B s mixing and b —> s'y. We find that 
the combined analysis can put rather stringent constraints on 
cl — tL and cl — tn mixings. As an illustration for the ef- 
fects of such constraints, we examine various top-quark flavor- 
changing neutral-current processes induced by scharm-stop 
mixings at the LHC and find that their maximal rates are 
significantly lowered. 
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Introduction It is well known that in the mini- 
mal supersymmetric standard model (MSSM), besides 
CKM matrix, flavor mixings in sfermion sector are an- 
other source of flavor violation [1]. Since such mixings 
arise from soft breaking terms, they relate flavor prob- 
lem to SUSY breaking and their information may pro- 
vide guidelines for SUSY model building. While such 
mixings can be directly measured through the flavor- 
changing decays of sfermions at future colliders [2] , their 
information can also be obtained from various low energy 
processes [1,3]. So far the flavor mixings involving the 
first-generation squarks have been severely constrained 
by K° - K°, D° - D° and B° - B° mixings [1], but the 
mixings between second- and third-generation squarks, 
especially the scharm-stop mixings, are less constrained. 
For example, although the electric dipole moment of mer- 
cury atom has been precisely measured, it only constrains 
the product of the cl — tt mixing with another undeter- 
mined free parameter [4]. Without definite information 
about the parameter, the constraint is ambiguous. 

Scharm-stop mixings are well motivated in popular 
flavor-blind SUSY breaking models like supergravity 
models (SUGRA). In these models, the flavor-diagonality 
is usually assumed in sfermion mass matrices at the grand 



unification scale and the Yukawa couplings induce flavor 
mixings when the sfermion mass matrices evolve down 
to the weak scale. Such radiatively induced off-diagonal 
squark-mass terms are proportional to the corresponding 
Yukawa couplings and thus the mixings between second- 
and third-generation squarks may be sizable [5]. 

Scharm-stop mixings can induce various top-quark 
flavor-changing neutral-current (FCNC) processes which 
will be tested at the CERN Large Hadron Collider 
(LHC). Given the importance of such mixings, we in 
this work examine current experimental constraints on 
them from the following considerations. Firstly, since 
the mixing terms appear as the non-diagonal elements of 
squark mass matrices, they can affect the squark mass 
spectrum, especially enlarge the mass splitting between 
squarks. So they should be constrained by the squark 
mass bounds from the direct experimental searches. At 
the same time, since the squark loops affect the preci- 
sion electroweak quantities such as M\y and the effec- 
tive weak mixing angle sin 2 8 e ff, such mixings could be 
also constrained by the precision electroweak measure- 
ments. As will be shown later, to a good approxima- 
tion, the supersymmetric corrections to the electroweak 
quantities are through the parameter Sp and thus sen- 
sitive to the mass splitting of squarks. Secondly, the 
processes of b —> s transition like B s — B s mixings and 
b — > S7 can provide rich information about the s — b mix- 
ings. Through the SU(2) relation between up-squark and 
down-squark mass matrices (see eq.(4)) and also through 
the electroweak quantities (since all squarks contribute 
to electroweak quantities via loops), the information can 
be reflected in up-squark sector and hence constrain the 
scharm-stop mixings. Thirdly, we note that the chiral 
flipping mixings of scharm-stop come from the trilincar 
H2QU interactions [1]. Such interactions can lower the 
lightest Higgs boson mass rrih via squark loops and thus 
should be subject to the current experimental bound on 
m h . 

We noticed that the constraints on scharm-stop mix- 
ings from mh and dp have been discussed in [6] . But the 



analyses of [6] focus on cl — th mixing and did not con- 
sider cl — tn, cr — ti, and cr — tR mixings. Also, in [6] 
the authors ignored the SU(2) relation between the up- 
and down-squark mass matrices, and for the up-squark 
mass matrix, they left out the first generation and only 
considered the second and third generations. As will be 
discussed later, a complete consideration of three gener- 
ations is necessary in calculating Sp. Moreover, since the 
analyses of [6] focus on nih and Sp constraints, other con- 
straints like B s — B s mixing and b — > sj are not included 
in [6]. 

In this work we will give a comprehensive analysis on 
the scharm-stop mixings. We will consider all possible 
mixings between scharms and stops, namely cl — th and 
Cl — £r mixings for left-handed scharm and cr — th and 
cr ~ tR mixings for right-handed scharm. We will not 
only consider the constraints from m/, and Sp, but also 
include the constraints from B s — B s mixing and b — > sy. 
As an illustration for the effects of such constraints, we 
will examine various top-quark FCNC processes induced 
by these scharm-stop mixings at the LHC. 

Calculations Instead of presenting the detailed and 
lengthy analytic results, we just delineate the strategies 
of our calculations. 

1. S quark mass: In the supcr-KM basis with states 
(ul, cl, i_L, u R , c r , Ir) for up-squarks and (d L , s L , b L , 
dR, sr, 6r) for down-squarks, the 6x6 squark mass 
matrix M? q (q = u,d) takes the form [1] 
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3x3 diagonal matrices (1 stands for the unit matrix in 
flavor space and m q is the diagonal quark mass matrix). 
Here, T* = 1/2 for up-squarks and T^f = —1/2 for down- 
squarks, and tan/3 = Vz/vi is the ratio of the vacuum 
expectation values of the Higgs fields. In general, the 
soft mass parameters (M~)ll, {M~)lr and (M~)rr are 
3x3 non-diagonal matrices. For up-squarks, if we only 
consider the flavor mixings between scharms and stops, 
then 
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Similarly, for down-squarks we have 
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and, due to SUl(2) gauge invariance, (M^)ll is deter- 
mined by [1] 
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Note that for the diagonal elements of left-right mix- 
ings in cqs.(2~3), we only kept the terms of third-family 
squarks since we adopted the popular assumption that 
they are proportional to the corresponding quark masses. 
The squark mass eigenstates can be obtained by di- 
agonalizing the mass matrix in eq.(l) with an unitary 
rotation U q , which is performed numerically in our anal- 
ysis. The interactions of a vector or scalar boson X with 
a pair of squark mass eigenstates are then obtained by 



V{Xq*J (j ) = U^ Ui;" V{Xq„ 
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where V(Xq*q'A denotes a generic vertex in the inter- 
action basis and V(Xq^ x q' l3 ) is the vertex in the mass- 
eigenstate basis. It is clear that both the squark masses 
and their interactions depend on the mixing parameters 
in the squark mass matrices. 

Although we in eq.(2) listed all four possible mixings 
between scharms and stops, in the following we mainly 
focus on the mixings Sll and Slr for the left-handed 
scharm, and only give some brief discussions about the 
mixings Srl and Srr for the right-handed scharm. Our 
peculiar interest in Sll and Slr is based on the follow- 
ing two considerations. The first is that in the popular 
mSUGRA model, at the weak scale the flavor mixings 
for the left-handed scharm are proportional to bottom 
quark mass while those for the right-handed scharm are 
proportional to charm quark mass [5] . Therefore, in phe- 
nomenological studies of scharm-stop mixings, one usu- 
ally assume the existence of Sll and Slr- The second is 
that Sll and Slr have richer phenomenology than Srl 
and Srr. Sll and Slr contribute sizably to all considered 
quantities, namely Sp, run, B s — B s mixing and b — > s"/, 
while Srl and Srr only affect Sp and nih- 

2. b — > sj: It has long been known that for b — * s"f 
the sizable SUSY contributions may come from three 
kinds of loops mediated respectively by the charged Higgs 
bosons, charginos and gluinos [7]. In our analysis we con- 
sider all these three kinds of loops plus those mediated by 
the neutralinos. We use the formula in [3], which includes 
all these SUSY loop effects in additional to the SM con- 
tribution. So, besides down-squark and up-squark mass 
parameters, our results also depend on charged Higgs 
boson mass, gaugino mass M2 and gluino mass rrig. As 
pointed out in numerous papers, b — » sj is very sensitive 



to Sfx and S RL , and in some cases also sensitive to Sll 
and S LR . 

3. B s — B s mixing: In the MSSM the charged Higgs 
and chargino contributions to B s — B s mixing are much 
suppressed compared with the gluino effects and the SM 
prediction [8]. So in our analysis we only include the 
gluino effects in addition to the SM contribution. We 
evaluate the gluino contributions by the full expressions, 
namely, without the mass-insertion approximation. Our 
Wilson coefficients are coincide with those in [9] and we 
use the formula in [8] to get the transition matrix ele- 
ment Mi2- As pointed out in [8], B s — B s mixing is very 



sensitive to the combination Sf L 5 RR and 



5 d LR 5 RL , and 



with the current measurement of B s — B s mixing [10], it 
can put rather severe constraints on 5 d s. 

4. SM W and Ssm 2 ef f : In the MSSM the correc- 
tions to Mw and sin e ff are dominated by squark loops 
1 . In our calculations we used the complete formula in 
[11] for the corrections. We checked that, to a good ap- 
proximation (at the level of a few percent), they can be 
determined from the Sp parameter [6] 



SM- 



Ah 



w 



w 



-w 



-$P, 



w 



nv 



S sin 2 



1eff 



r 2 s 2 



■Sp, 



-w 



nv 



where 



Sp = 



E z (0) E w (0) 



M 2 



Ml 



(6) 

(7) 

(8) 



Although our results are not sensitive to the soft mass pa- 
rameters of the first-generation squarks, we stress the ne- 
cessity to consider all three generations of squarks in the 
calculations. The reason is the calculation of the squark 
loops in VF-boson self-energy involves the couplings of 
Wtiidj, which are given by UIVckmU^ with Ua and Ug 
defined in eq.(5). Only by considering all three genera- 
tions of squarks can one get exact UV-convcrgent results 
and implement the SU(2) relation in eq.(4) at the same 
time. In [6] the authors only considered two generations 
of squarks (ignored the first generation) and by introduc- 
ing an unphysical 2x2 unitary matrix they kept their 
results free of UV-divcrgcnce. We checked numerically 
that such an approximation is not so good. For exam- 
ple, with the same parameters for the lowest curve of 
Fig.8 in [6], our result is SM W = 11 McV for 6 LL = 0.6, 
smaller than 40 MeV obtained in [6] . The main reason for 



such sizable difference is due to the difference of Wiiidj 
couplings. The matrices Uu and t/j of [6] are different 
from ours since they did not consider the SU(2) relation 
between up- and down-squark mass matrices, and the 
matrix Vckm of [6] is also different from ours since we 
used the exact 3x3 CKM matrix while they used an 
approximated 2x2 unitary matrix. Due to the strong 
cancellation between different Fcynman diagrams in the 
calculation of Sp, the small difference of WUidj couplings 
may lead to sizable difference in the final result. 

5. Higgs boson mass: In the MSSM the loop- 
corrected lightest Higgs boson mass m^ is defined as the 
pole of the corrected propagator matrix, which can be 
obtained by solving the equation [12] 
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where m^ itree and mH,tree are the tree-level masses of h 
and H. To obtain the renormalized self-energies T,i(p 2 ), 
one needs to calculate Higgs boson self-energy and tad- 
pole diagrams and then organize the results by eq.(3.1) 
in [12]. Due to the large top-quark Yukawa couplings, 
the contribution from top and stop loops is far dominant 
among all SUSY contributions. In the presence of fla- 
vor mixings in the up-suqark mass matrix, stops will mix 
with other squarks, and in this case, the dominant contri- 
bution comes from up-squark sector. In our calculation 
of mh , we take into account this part of contribution as 
in [6]. For Slr,rl = 0, we can reproduce the results in 
[6], but our results include Slr,rl 7^ case. 

With the parametrization of the squark mass matrices 
in eqs.(2~4) and for small flavor mixing parameters of 
down-squarks, the quantities SMw, Ssin 9 e ff and mh 
are sensitive to the soft masses Mq 23 and Mrj 23 , the 
trilinear coupling A t as well as Slr.rl- And in some 
cases, they are also sensitive to p, the CP-odd Higgs 
boson mass tha and 5ll,rr- Unlike B s — B s mixing 
and b — > sj, these quantities are not sensitive to gluino 



Numerical results To numerically illustrate the 
constraints on scharm-stop mixing parameters Sll and 
SlRi we need to fix other involved parameters. Here, as 
an illustration, we consider the so-called m™ ax scenario, 
in which m^ can be maximized [13]. In this scenario, all 
the soft mass parameters are assumed to be degenerate 



1 Slepton contribution to SMw and S sin 2 8 e ff is not impor- 
tant partially because slepton is SU(3) color singlet, and par- 
tially because, due to absence of large II — Ir mixing, the 
slepton SU(2) doublet (p, I) are nearly degenerate, hence their 
contribution to Sp tends to vanish [11]. 
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and the trilinear couplings are also assumed to be degen- 
erate A Ui = Ad i with (A Ui — pcotp) /Msusy = 2. Other 
SUSY parameters are fixed as tan/3 = 10, p, = My, = 
m A = nig = 300 GeV and 5 RL = S RR Sf R = S RL = 



5 RR — 0. All the SM parameters involved in our calcu- 
lations like Mz are taken from the Particle Data Book 

[14]- 

We show in Fig. 1 the constraints on the mixing param- 
eters Sll and Slr- Here we used the LEP experimental 
bounds on squark mass [14] and Higgs boson mass [15] 

rriu > 95.7 GeV, mg > 89 GeV, m h > 92.8 GeV, (11) 

and required the MSSM loop contributions to Mw and 
sin 2 8 e ff not exceeding the present experimental uncer- 
tainties [16] 



AM W < 34 MeV, A sin 2 6 eff < 15 x 10" 



(12) 



We also used the current measurement of b — > sj at 3cr 
level [17] 

2.53 x 1CT 4 < Br(b -> s 7 ) < 4.34 x 10~ 4 , (13) 

and current favored region for B s — B s mixing [18,10] 

0.55 < \1 + R\ < 1.37 (14) 
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FIG. 1. The shaded area is allowed by all constraints. The 
dashed-line enclosed area is allowed by b — > s'y. For other 
individual constraints, the region under or left to each curve 
is the corresponding allowed region. 

From Fig.l we see that although the constraint from 
squark mass is rather weak, the combined constraints 
from b — > sj, B s — B s mixing, SMyy, Ss'm 9 e ff and nih 
are quite strong and only a small area in Sll — Slr plane 
survives. We make following explanations about our re- 
sults: 

(1) With our fixed parameters, the charged Higgs and 
chargino contributions enhance the SM prediction 



of b — > sj and thus a none-zero gluino contribution 
is needed to cancel the effects. Therefore, the b —* 
57 allowed region is an enclosed one in Fig.l 

(2) In the case we considered, 5Mw and S sin 2 9 e ff re- 
quire a small Slr- The reason is that the large split- 
ting between Slr and S^r can spoil the custodial 
symmetry between squark doublet and hence en- 
hance the value of 5p. In our calculations we fixed 
$lr = 0> but we checked that the maximal allowed 
value of Slr is not sensitive to Sf R if Sf R < 0.4. 
For example, when <5^ fi varies from to 0.4, the 
maximal value of Slr only increases by 0.05. Note 
that compared with Slr, SM\y and Ss'm 2 9 e ff are 
less sensitive to Sll- 

(3) The Higgs mass nih requires a small Slr because 
Slr comes from H2C* L t R interaction which can 
lower the value of m/, via squark loops. 

(4) With our fixed parameters, B s — B s mixing and 
b — > S7 give the stronger constraint on Slr than 
Sp and mh, but in other cases, Sp or nth may give 
the strongest constraints. For example, in m™ ax 
scenario with Msusy — 2 TeV, the Higgs mass 
constraint becomes the strongest. 

Note that in the above we only show the constraints 
on Sll and Slr- Now we take a look at Srl and Srr. 
Since B s — B s mixing and b — > sj are not sensitive to Srl 
and Srr, the constraints are then only from Sp and m^. 
We found that Sp requires a small Srl (the constraint 
is similar to Slr), but is insensitive to Srr. Just like 
Slr, a small Srl is also required by the Higgs mass mh- 
Therefore, Srl is constrained by Sp and mh just like Slr', 
while 5 RR is very weakly constrained. 

Implication in top-quark FCNC process: With 
the constraints discussed above, we examined various 
top-quark FCNC decay and production processes at the 
LHC, some of which were intensively studied in the liter- 
ature [19-21]. We just considered the dominant SUSY- 
QCD contributions to these processes. The detailed cal- 
culations, the results and the discussions of observability 
are quite lengthy and will be presented in another pa- 
per. Here, as an illustration of the effects of the con- 
straints discussed in this paper, we only show in Table 1 
the maximal results predicted by the MSSM. These max- 
imal results are obtained by scanning the relevant SUSY 
parameters in the ranges 

2 < tan/3 < 60, < M Qz ,u t ,D t < 1 TeV, 

94 GeV < m A < 1 TeV, 195 GeV < nig < 1 TeV, 

< S L l,lr < 1, -1 TeV < p, M 2 < 1 TeV, 

-2 TeV < A t . b < 2 TeV. (15) 

We show in Table I two kinds of predictions: one is by 
requiring the squark, chargino and neutralino masses sat- 
isfy their current lower bounds; the other is by imposing 



< 5 b LR < 0.1, 



all constraints considered in this paper. We consider two 
cases: (I) only Sll 7^ and (II) only Slr 7^ 0. From 
Table I we see that the combined constraints can sig- 
nificantly decrease the MSSM predictions of top-quark 
FCNC processes at the LHC. 

Note that in Table I we only illustrate the cases of 
Sll 7^ and Slr 7^ 0. For Srl 7^ 0, we found that 
the maximum rate of t — > eg is 1.3 x 10~ 4 with only the 
squark mass constraints and changed to 6 x 10 -5 with all 
constraints. For Srr =/= 0, the maximum rate of t — » eg 
is 5.0 x 10~ 5 with only the squark mass constraints and 
changed to 4.85 x 10~ 5 with all constraints. This can be 
easily understood since, as discussed ealier, Srr is very 
weakly constrained and Srl is constrained by Sp and mn- 

Table 1: Maximal predictions for top-quark FCNC processes 
induced by stop-scharm mixings via gluino-squark loops in 
the MSSM. For the productions we show the hadronic cross 
sections at the LHC and include the corresponding charge- 
conjugate channels. For the decays we show the branching 
ratios. 
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Conclusion: We examined current experimental 
constraints on scharm-stop flavor mixing in the MSSM, 
which arise from the experimental bounds on squark and 
Higgs boson masses, the precision measurements of the 
Sp parameter, as well as the experimental data on B s — B s 
mixing and b — > S7. We found that the combined analysis 
of these constraints can severely constrain the CL—tL and 
cl — tR mixings; while the cr — ti, mixing is constrained 
only by Sp and Higgs mass, and the cji — tR mixing can 
almost elude any constraints. Such constraints can sig- 
nificantly alter the predictions of the top-quark FCNC 
processes induced by scharm-stop mixings at the LHC 
and thus should be taken into account in the study of 
observability of these top-quark FCNC processes. 
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